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Abstract
We have measured the threshold center-of-mass kinetic energy for knocking out a single carbon atom from C−60 in
collisions with He. Combining this experimental result with classical molecular dynamics simulations, we determine a
semi-empirical value of 24.1±0.5 eV for the threshold displacement energy, the energy needed to remove a single carbon
atom from the C60 cage. We report the first observation of an endohedral complex with an odd number of carbon atoms,
He@C−59, and discuss its formation and decay mechanisms.
1. Introduction
Irradiation by electrons, ions, or atoms may displace
individual atoms from their original positions in solids [1],
small aggregates of matter [2], or free molecules [3]. Such
defects can for example be used to tailor nanostructured
materials with new intriguing functionalities [4, 5, 6], and
serve as reactive sites for efficient molecular growth pro-
cesses inside molecular clusters [2, 7, 8], for example in
different planetary atmospheres. Introductions of defects
may also be a limiting factor in high-resolution transmis-
sion electron microscopy, as material modifications dur-
ing image capture may yield images that do not repre-
sent the original sample material [9, 10]. In addition,
collisions with H and He atoms leading to atom displace-
ment are thought to be important mechanisms for destruc-
tion of large molecules in the interstellar medium [11, 12].
The key intrinsic (projectile independent) target property
quantifying the effect of these types of radiation damage is
the so-called threshold displacement energy, Td, the mini-
mum energy transfer to a single atom required to perma-
nently displace it from its initial position [1].
The threshold displacement energy is distinct from re-
lated quantities such as the dissociation energy or the va-
cancy energy in that it includes the energy barrier between
the parent and product states. While independent of pro-
jectile, Td depends somewhat on the angle between the
momentum imparted to the primary knock-on atom and
the inter-atomic bonds [13, 14]. Nevertheless, typical val-
ues of Td are widely used to model radiation damage across
wide ranges of energy. In recent breakthrough experiments
[15, 16], the threshold displacement energy for single-layer
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graphene was reported to be Td = 23.6 eV. Similar val-
ues for Td have also been deduced for gas-phase Polycyclic
Aromatic Hydrocarbon (PAH) molecules [17].
Here, we determine the C60 → C59+C threshold dis-
placement energy for isolated C60, which has a perfectly
symmetric icosahedral structure where the C atoms have
a different hybridization than graphene or PAHs. With
all atoms equivalent, C60 is the ideal prototype for dis-
placement studies of molecules. Previously reported val-
ues of Td for C60 from electron microscopy experiments
and from Molecular Dynamics simulations have spanned a
wide range from 7.6-15.7 eV [18] and 29.1 eV [13], respec-
tively. Models of radiation damage to fullerenes have gen-
erally assumed a value in the middle of this range, around
15 eV, equivalent to the vacancy energy [19, 20, 2].
In addition to the threshold displacement energy for
C60, we also report the first observation of the endohe-
dral defect fullerene complex He@C−59 formed in collisions
where the He is captured following C displacement. Endo-
hedral complexes B@C2n, where an atom or molecule B is
trapped inside the fullerene cage, has been of interest since
the dawn of the fullerene era, both from pure and applied
perspectives [21, 22, 23, 24, 25]. The present observation
of He@C−59 provides insight into the formation and stabil-
ity of endohedral complexes with odd numbers of carbon
atoms.
In typical fullerene fragmentation experiments, energy
deposited through interactions with e.g. photons, elec-
trons, or fast ions is converted into internal vibrational
energy. For C60, where C60 → C58+C2 is the lowest energy
dissociation channel [26, 27], this leads to the well-known
statistical product distribution dominated by fragments
with even numbers of carbon atoms, C60−2n, n = 1, 2, ....
In collision experiments like those presented here, products
with odd numbers of C atoms like C59 have occasionally
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been observed [21, 20, 26, 28]. These products are fin-
gerprints of non-statistical fragmentation, where carbon
atoms are displaced in billiard-ball like collisions [3]. This
process takes place on timescales that are too short (sub-
femtoseconds) for local excitations to distribute over the
whole molecular system. The exceptionally low yield of
C59 relative to statistical fragmentation products has so far
precluded systematic experimental studies of this mecha-
nism.
Here, we have developed a refined approach to deter-
mine displacement energies for free molecules in collisions
with particles that improves upon earlier such methods
in an important way, namely by eliminating the (usually
dominant) contribution of statistical fragmentation from
the product distribution. This is achieved by colliding He
with C−60 ions and measuring the threshold behavior for
the formation of negatively charged fragments e.g. C−59
and C−58. Because the electron affinity of C60 (2.664 eV
[29]) is much lower than any of the dissociation energies
of the system (which are > 10 eV [26, 27], see also Tables
1 and 2 below), any trajectories depositing enough en-
ergy to induce statistical unimolecular dissociation most
likely lead to electron loss and thus do not contribute to
the negative ion product spectrum. In this way, we select
those trajectories where essentially all the excitation en-
ergy is transferred to the primary knock-on atom, and as
little as possible to the other atoms in the C60 cage or to
the electronic degrees of freedom. By eliminating the ma-
jor source of background from the measurement, greater
sensitivity to minute cross-sections for non-statistical frag-
mentation is achieved, without which the present results
for C60 would not be possible. We combine experimental
measurements of the threshold center-of-mass energy for
non-statistical fragmentation of C−60 in collisions with He
with classical Molecular Dynamics (MD) simulations of the
knockout process and a statistical model of electron loss
from C−60 and C
−
59 to determine the threshold displacement
energy Td. Because the extra electron in C
−
60 has only a
small effect on the binding between C atoms, this result
applies to neutral as well as anionic C60.
2. Methods
2.1. Experiments
Experiments were performed using the Electrospray
Ion Source Laboratory (EISLAB) accelerator mass spec-
trometer, which has been described previously [30, 31].
Continuous beams of C−60 were produced by means of Elec-
troSpray Ionization, with tetrathiafulvalene (TTF) added
as an electron donor [32] to a 1:1 mixture of methanol and
dichloromethane containing fullerite. In the ion source,
the C−60 ions undergo many low-energy collisions and are
assumed to equilibrate to roughly room temperature. Fol-
lowing production of the ions by ESI, an ion funnel was
used to collect and focus the ions. Two octupole ion
guides transported the ions through two stages of differen-
tial pumping. A quadrupole mass filter was used to mass-
select C−60 ions, which were then accelerated to 3–15 keV
and passed through a 4 cm long collision cell containing the
target gas (He). This C−60 kinetic energy range corresponds
to center-of-mass energies, ECM , of 20–80 eV for collisions
with He in the cell. An Einzel lens and two pairs of electro-
static deflector plates served as a large-angular-acceptance
kinetic-energy-per-charge analyzer after the gas cell. In-
tact C−60 and daughter anions were detected on a 40 mm
multi-channel plate (MCP) with a position-sensitive re-
sistive anode. The deflection voltage combined with the
position on the MCP (along the direction of deflection) of
each detected anion was used to calculate its kinetic energy
per charge [31].
Total destruction cross sections (i.e. the sum of the
cross sections for all processes – fragmentation and/or electron-
loss or ionization processes – that change the mass-to-
charge ratio of C−60 in collisions with He under the present
experimental conditions) were determined by measuring
the attenuation of the parent C−60 beam as a function of
target gas density. The attenuation is fit to a single expo-
nential decay
Γ(p) = Γ0e
−pσl/kBT (1)
where Γ(p) is the parent C−60 count rate as a function of
the He pressure p in the gas cell, Γ0 is the count rate at
p = 0, σ is the total C−60 destruction cross section to be
determined, l is the length of the gas cell (4 cm), and kB
is Boltzmann’s constant. The temperature T is 300 K.
In order to determine the absolute cross section for
the formation of a specific daughter ion such as C−59, we
distribute the total cross section σ according to the cor-
responding number of product ions Ni(p) relative to the
number of intact parent ions Npar(p) detected in the same
spectrum:
σi = σ
Ni(p)
Npar(p)(epσl/kBT − 1)
, (2)
where Npar(p)(e
pσl/kBT −1) corresponds to the total num-
ber of parent ions destroyed as this spectrum was recorded.
2.2. Calculations
Classical molecular dynamics simulations of collisions
between C60 and He were carried out using the LAMMPS
software package [33]. We used the reactive Tersoff poten-
tial [34, 35] to describe the bonds between C atoms and
the Ziegler-Biersack-Littmark (ZBL) potential [36] for the
He-C60 interaction. For each collision energy 10,000 ran-
domly oriented trajectories were simulated (with random
orientations of the C60 molecule) and followed for 500 fs
with a time step of 5× 10−18 s. One frame from a trajec-
tory leading the formation of the He@C−59 reaction product
is shown in Figure 1. The full video of this trajectory is
available in the electronic version of this article.
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Figure 1: Image from a video of a MD trajecotry leading to He@C−
59
.
The C atom (black) at the right of the frame has been knocked out
by the He atom (blue), which has been captured by the C59 cage.
The full video is available in the electronic version of this article.
Charge C60 ho-C59 pn-C59
-1 2.59 3.56 3.37
0 7.50 6.69 6.93
Table 1: Electron binding energies (in eV) for fullerene anions and
neutrals calculated with DFT at the B3LYP/6-31+G(d) level. See
text for isomer naming convention.
Density Functional Theory (DFT) was used to calcu-
late electron detachment and dissociation energies of C−60
and C−59. These calculations were performed using Gaus-
sian09 [37] at the B3LYP/6-31+G(d) level. Following the
removal of a single carbon atom from C60, there are two
closed-cage structures of C59 to which the system may re-
lax. These differ in the bonding between the three C atoms
which were adjacent to the knocked out C; the naming here
is adopted from Ref. [8]. The ho-C−59 isomer, in which the
cage-closing leads to the formation of a hexagonal (h) and
an octagonal (o) ring at the vacancy cite, is 1 eV lower in
energy than pn-C−59, where a pentagonal (p) and a nonag-
onal (n) ring are formed. For C−58, the lowest energy neu-
tral isomer from Ref. [38], labeled C3v-C58, was used as a
starting point for the calculations.
3. Results
3.1. Stability of C−59
Electron binding energies for both neutral and anionic
C60 and C59 (both ho and pn isomers) are presented in
Table 1. The present value for the electron affinity of C60,
2.59 eV, is close to measured values (e.g. 2.664 eV [29]).
Because of the dangling bonds, the electron affinity for
both isomers of C59 are much higher at 3.56 eV for ho-C59
and 3.37 eV for pn-C59.
DFT-calculated dissociation energies for the main de-
cay channels are given in Table 2. Our value for the C−60 →
C60 → C60 → C59 →
Charge C59+C C58+C2 C58+C
-1 11.6 10.1 4.54
0 12.6
+1 11.8
Table 2: Dissociation energies (in eV) for lowest energy isomers of
C59 and C58, ho-C59 and C3v-C58, in various charge states calculated
with DFT at the B3LYP/6-31+G(d) level.
C−58+C2 dissociation energy of 10.1 eV is similar to the 10-
11 eV measured for neutral and cationic C60 [27, 26]. The
dissociation energy for C60 → C59+C, which we calculate
for anionic, neutral and cationic species, is around 12 eV
which is significantly higher than for C2-loss from C60 in
all cases and in agreement with previous calculations (for
neutrals and cations [8]). The dissociation energy calcu-
lated, however, does not consider any energy barrier be-
tween the the initial and final states. Given that C59 is
almost never observed in fullerene fragmentation experi-
ments, even when employing excitation energies far in ex-
cess of all dissociation energies, it is possible that much
higher barriers are present for C60 → C59+C than for
C60 → C58+C2 fragmentation processes. In contrast to
the dissociation energy, the threshold displacement energy
Td reflects the barriers for the C60 → C59+C process.
Our calculated dissociation energy for C−59 → C
−
58+C is
rather low at 4.54 eV and close to the previously calculated
5.4 eV for C+59 [8]. This is also likely to contribute to the
low observed yield of C59 in experiments – the products
are fragile and may rather easily undergo delayed fragmen-
tation processes. Internal energies upwards of 40 eV are
known to be required to observe C2-loss from fullerenes
on microsecond timescales [38]. Formation of C59 in a sta-
tistical process would involve similar if not higher internal
energies, most of which would remain with the C59 leading
to further C-loss. For non-statistical knockout fragmenta-
tion, however, much of the collision energy is carried away
by the knocked out C atom, leaving colder C59. In the
case of C−59 anions, the dissociation energy is comparable
to the electron binding energy, and these decay channels
can be expected to compete.
3.2. Total destruction cross sections
Experimental total destruction cross sections for C−60+He
collisions are determined by measuring the attenuation of
the C−60 beam as a function of He target density [31] and
the results are shown for a range of different center-of-
mass collision energies in Figure 2. Also shown in Figure
2 are the single carbon knockout cross section from our
MD simulations. These simulations indicate that knock-
out only gives a small contribution to the total C−60 de-
struction cross section. Furthermore, the simulations do
not include secondary fragmentation or electron emission
processes and should thus be considered upper limits for
C−59 formation.
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Figure 2: Absolute total destruction cross section for C−
60
in collisions
with He determined from beam attenuation measurements (filled cir-
cles). Carbon knockout cross sections (C−
60
+He→C−
59
+C+He) from
MD simulations, electron emission cross sections (C−
60
+He→C60 +
e−+He) from the statistical model described in the text, and the
sum of these two channels (open diamonds, squares, and circles, re-
spectively).
Our MD simulations model only the nuclear scatter-
ing part of the He-C60 interaction and does not include
the scattering of the He atom on the electrons in C60
or delayed decay processes such as unimolecular dissocia-
tion (i.e. statistical fragmentation) or thermionic electron
emission. Depending on the kinetic energy of the incident
C−60 ions, product ions travel for 10–40 µs between the gas
cell and the mass analyzing system [30, 31], giving ample
time for such delayed processes to occur. Nevertheless,
we can use the fullerene excitation energies from simu-
lations to reproduce the measured total C−60 destruction
cross section, which is presumably dominated by electron
loss, using a statistical model. All parameters used in this
model are taken from the present DFT calculation (Tables
1 and 2) or from the literature as detailed below. None of
these parameters are adjusted to obtain agreement with
experiment. The same model will also be used in Section
3.4 to estimate the fraction of C−59 that is produced suffi-
ciently cold to survive the flight from the gas cell to the
end of the deflection field in the kinetic-energy-per-charge
analyzer without losing the electron.
Here, we will first consider the survival probability of
collisionally excited C−60 ions flying through the energy an-
alyzer. First, the excitation energy deposited in the system
is extracted from the MD simulations, taking the nuclear
scattering on 60 carbon atoms into account. To this we
add the internal energy of C−60 before the collision, which
is taken to be 0.44 eV for ∼300 K C60 as calculated by
Yoo et al. [39]. Finally, we add a small energy contri-
bution from electronic stopping obtained by scaling the
results by Schlatho¨lter et al [40] to the collision velocity in
the present experiment. Adding these three contributions,
we arrive at a total internal energy Eint for each individual
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Figure 3: Negatively charged product distributions following
C−
60
+He collisions recorded at several values of ECM . The dashed
lines are to guide the eye. The measured energy loss (the difference
in kinetic energy between the incident C−
60
ion and the fragment an-
ion is due to the combination of the change in mass and the energy
transfer to the internal degrees of freedom of the molecular system
and is given on the lower horizontal scale in units of ECM . The ex-
pected kinetic energies of C−
59
(blue) and C−
58
(black) fragments with
the same velocity as incident C−
60
are indicated with arrowheads on
the upper horizontal axis.
trajectory in the MD-simulation, an internal temperature
T [K] = 1000+ (Eint[eV ]− 7.4)/C [41]. The effective tem-
perature is then Teff = T−Eb/2C, where C = 0.138 K/eV
is the heat capacity of C60 [41], and Eb = 2.664 eV is
the electron binding energy of C−60 (the electron affinity of
C60) [29]. We calculate the survival probability for C
−
60
ions as a function of their internal energy Eint by apply-
ing an Arrhenius expression for the electron detachment
rate k = νe−Eb/kBTeff [32]. Here the pre-exponential fac-
tor ν is taken to be 1013 s−1 [42], and kB is Boltzmann’s
constant. This model gives a maximum internal energy of
16–17 eV for C−60 to survive our experimental timescales
of 10-40 µs, depending on the acceleration energy.
By combining the statistical model for electron loss
and the MD simulations for knockout, we obtain the total
C−60 destruction cross section (knockout plus electron loss)
shown in Figure 2. The agreement with the corresponding
measured quantity is satisfactory, validating our compu-
tational approach, and indicating that electron emission
is indeed the dominant C−60 destruction mechanism in this
energy range. In particular we see an onset of the exper-
imental total C−60 destruction cross section around 16 eV
which is consistent with the results from the statistical
model - with center-of-mass collision energies below 16 eV,
the system cannot be sufficiently heated to emit an elec-
tron on the experimental timescale.
3.3. Product distributions
In Figure 3 we show distributions of negatively charged
reaction products of C−60+He collisions for center-of-mass
4
collision energies ranging from ECM = 61 eV to ECM =
77 eV, which corresponds to kinetic energies of 11–14 keV
keV for the incident C−60 ions in the laboratory reference
frame. The collision products contributing to the energy
spectra in Figure 3 are those which are sufficiently cold
to retain their negative charge through the analyzing sys-
tem after the gas cell. The spectra are measured under
single-collision conditions as has been confirmed by mea-
suring the C−60 beam attenuation as a function of pres-
sure in the gas cell. The distributions are plotted on an
Eloss = Eparent −Eproduct scale – the difference in kinetic
energy of the parent ion C−60 and the product ion – in units
of the center-of-mass collision energy ECM . The measured
kinetic energy loss is due not only to the difference in mass
between the incident C−60 ion and the product anion but
also to the energy transferred to the internal degrees of
freedom of the molecular system. Capture of the He atom
by the fullerene cage also reduces the kinetic energy. The
energy loss due only to mass loss from C−60 without energy
transfer would be 3NCloss×ECM where N
C
loss is the number
of C atoms lost. The expected positions of C−59 and C
−
58
fragments with the same velocity as the incident C−60 ions
would thus be Eloss = 3×ECM and Eloss = 6×ECM , re-
spectively, and are indicated with arrowheads on the upper
axis of Figure 3.
The energy spectra are dominated by intact C−60 ions
at Eloss = 0. Four daughter anion peaks are observed: two
just below the expected C−59 energy (Eloss = 3 × ECM ),
and two just below the expected C−58 energy (Eloss = 6 ×
ECM ). Based on comparisons with our MD simulations
(vide infra), we assign in both cases the higher energy
peaks to endohedral complexes. The daughter ion peak
with the highest kinetic energy (smallest energy loss) is the
first observation of an endohedral defect fullerene complex
with an odd number of C atoms, namely He@C59.
The observed C−58 and He@C
−
58 products are most likely
due to secondary losses of loosely bound C atoms from
C−59 and He@C
−
59, respectively. We have calculated the
C−59 →C
−
58+C dissociation energy to be 4.54 eV (see Table
2), and that for the endohedral complex is likely compa-
rable. Direct statistical dissociation C−60 →C
−
58+C2 has a
dissociation energy of 10.1 eV according to our calcula-
tions and is not competitive with electron emission (2.664
eV [29]) and thus should not contribute significantly to the
negative product spectrum.
As can be seen in Figure 3, the peaks in the product
distributions assigned to endohedrals remain roughly at
the same Eloss values, while the C
−
59 and C
−
58 peaks shift
to greater Eloss values with decreasing ECM . In the top
panel of Figure 4, we compare the measured and simu-
lated mean energy loss for the observed product ions as a
function of ECM . For the experimental data, these values
are extracted by fitting Gaussian peak shapes to each of
the four daughter ions; two Gaussians are used for the tail
of the parent C−60 peak. The peaks assigned to endohe-
dral complexes are shifted by between 0.25 to 0.5 units of
ECM relative to the expected Eloss values for C
−
59 and C
−
58
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Figure 4: Top: Mean energy losses of reaction products in units of
ECM ; filled symbols: experiment, open symbols: MD simulations.
The uncertainties in the mean position are smaller than the symbols.
Bottom: Stacked area plot showing the relative intensities of the
product peaks as a function of ECM .
with the same velocity as the incident C−60 ion at 3×ECM
and 6×ECM , respectively, which are indicated by horizon-
tal lines in the upper panel of Figure 4. This is different
from the situation when atoms like He are captured by in-
tact C60, where the increase in mass induces a well-defined
energy loss equal to ECM [43]. For He@C
−
59 formation,
the knocked out carbon atom carries away some energy
and energy losses smaller than ECM are therefore possi-
ble. Knockout collisions without capture giving C−59 and
C−58 have a broader range of possible energy transfers and
are thus shifted by larger energies on average. Mean en-
ergy losses from our MD simulations are in good agreement
with the experimental values for He@C−59 and C
−
59. It is
important to note that the MD simulations reproduce the
different dependencies of the center-of-mass collision en-
ergy for both these fragments – the energy loss increases
with decreasing collision energy for the C−59 fragment while
the energy loss of the endohedral complex He@C−59 remains
close to constant in both the experiment and in the simu-
lations.
The energy shifts of the experimentally observed He@C−58
and C−58 products relative to the expected energy of C
−
58
are similar to those of C−59 and He@C
−
59, respectively. This
5
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Figure 5: Above: experimental and simulated cross sections for de-
tection of daughter anions arising from non-statistical fragmentation
in C−
60
+He collisions. For the simulations, C−
59
daughters predicted
to be lost to electron emission by our statistical model are excluded
from the cross section (cf. Figure 5). The solid lines are fits to Eq.
(3) which gives the threshold energy Eth. Below: MD-simulated
mean He-C energy transfers 〈∆EHe〉 in collisions leading to C59
fragments cold enough to survive the experiment. The solid line
is a power law fit; dashed lines illustrate the determination of the
threshold displacement energy Td.
is consistent with our view that these products originate
from C−59 →C
−
58+C as a second step after knockout. Our
MD simulations do not include statistical fragmentation
processes such as C−59 →C
−
58+C and we are thus unable to
compare simulation with experiment in this case.
In the bottom panel of Figure 4, one can see that the
relative intensities of the four anion fragment peaks (again
extracted using Gaussian fits) vary little as a function of
the collision energy down to 45 eV, beyond which we can-
not resolve He@C−59 from the tail of the C
−
60 peak. This
supports our interpretation that all four products arise
from a common mechanism with a single threshold energy.
3.4. Threshold displacement energy
As discussed above, the four different reaction chan-
nels leading to the production of He@C−59, C
−
59, He@C
−
58,
or C−58 fragments are all non-statistical in nature and can
be considered to be due to a common mechanism. Accord-
ingly, we deduce the total absolute cross section for non-
statistical fragmentation from our mass spectra by sum-
ming the intensities of all four anion fragment peaks and
relating this sum to the C−60 total destruction cross sec-
tion as described in Section 2.1. The resulting experimen-
tal cross section for C−60+He collisions yielding negatively
charged fragments is given in the upper panel of Figure 5.
Also included in Figure 5 are results from our MD sim-
ulations combined with our statistical model for delayed
electron emission from C−59 products. In the upper panel
we give the cross section for single carbon knockout and in
the lower panel the average energy transfer to the molec-
ular system 〈∆EHe〉 in collisions leading to C knockout.
Included in both of these quantities are only those tra-
jectories which leave the resulting C59 sufficiently cold to
survive the timescale of our experiment. To calculate the
survival probability of C−59, we first determine the inter-
nal energy of C59 at the end of each MD trajectory. The
heat capacity for C59 is found by scaling that of C60 by
the number of degrees of freedom, and we use a value of
3.56 eV for the electron binding energy (Table 1). Due to
the higher electron binding energy of C−59 compared to C
−
60,
our statistical model gives a higher internal energy cutoff
of 24-25 eV for C−59 to survive until detection in the exper-
iment. The effects of these considerations are negligible
for ECM < 60 eV but there are significant corrections for
higher energies. For comparison to experiment, we do not
need to consider the competitive C−59 →C
−
58+C channel, as
C−58 is included in our total non-statistical product cross
section.
The experimental and simulated cross sections are qual-
itatively similar, albeit with an offset in the observed thresh-
old energy for knockout. Such an offset has been observed
previously in comparison between experimental and simu-
lated knockout cross sections [17], and may be due to the
approximate, classical nature of the Tersoff potential used
to model the C-C bonds. To determine the threshold en-
ergy for carbon knockout, we model the experimental and
MD cross section assuming that the primary process is an
elastic binary collision between a He projectile with ki-
netic energy equal to the He-C−60 center-of-mass ECM and
a free C atom at rest. This is justified in that the knockout
process happens on an ultrafast timescale on which the re-
maining 59 C atoms are standing still. For such collisions,
Chen et al. [44] give the following expression, based on
Lindhard scattering theory [45], for the cross section σKO
leading to energy transfer above a given fixed value (here
the displacement energy Td):
σKO =
A/ECM
pi2 arccos−2(
√
Eth/ECM )− 4
, (3)
where Eth is the minimum center-of-mass energy (for the
He-C60 system) required to transfer Td. We take A and
Eth as fit parameters, yielding E
exp
th = 35.8±0.5 eV and
EMDth = 41.8 ± 1.5 eV. As seen in Figure 5, this simple
model accurately reproduces both the experimental and
MD cross sections above Eth. There is some (barely sig-
nificant) deviation close to threshold, which probably due
to the fact that Td is not single-valued, but rather varies
somewhat with respect to the angles between the imparted
momentum and the molecular bonds [13, 14], as well as
with the stretching of the bonds due to molecular vibra-
tions [15].
6
Figure 6: Histogram of displacement energies from projectile-free
MD simulations. The solid line is a fit to the sum of two Gaussians
describing a bimodal distribution.
The threshold energy Eth is projectile dependent [12];
to obtain the intrinsic threshold displacement energy Td we
need the energy transferred from the projectile (He) to the
target at threshold, which we extract from our MD simula-
tions. From a power-law fit to 〈∆EHe〉 = c×ECM
P we ob-
tain the mean energy transfer at the experimental knock-
out threshold ECM = E
exp
th . This is our semi-empirical
value for the C60 → C59+C threshold displacement en-
ergy, T SEd = 24.1± 0.5 eV. The uncertainty given here is
calculated from the uncertainty in the power-law fit pa-
rameters c and P , and Eexpth . Our semi-empirical value of
Td is much higher than generally assumed previously for
fullerenes (around 15 eV [18, 19, 20, 2]), and is similar to
those measured for the planar sp2−hybridized carbon sys-
tems graphene (23.6 eV [15, 16]) and PAHs (23.3± 0.3 eV
[17]).
As our MD simulations give a somewhat higher thresh-
old energy than the measurements we find a correspond-
ingly higher threshold displacement energy TMDd = 26.5±
0.8 eV, which is slightly lower than previous simulation-
based results [13].
We have also performed projectile-free MD simulations,
where an individual C atom is simply assigned a certain
velocity at a given angle relative to the axis connecting
the atom and the center of the fullerene cage. The mini-
mum energy at which the atom is removed is the displace-
ment energy for that angle. A histogram of these results
is shown in Figure 6, which shows a clear bimodal dis-
tribution. A fit to the sum of two Gaussians gives the
centroid of the low-energy mode as 25.3±0.4 eV with a
width of 7±1 eV. This is consistent with our result for the
full simulations including the He projectile. Trajectories
contributing to the high-energy mode of the histogram in
Figure 6 would presumably be left with internal energies
too high to survive the experiment.
Notably, most of the trajectories contributing to the
low-energy mode are at angles pointed outwards from the
center of the fullerene cage. This helps explain the sur-
prisingly high abundance of endohedral complexes in our
experiments. The He projectile must first penetrate the
cage prior to the knockout collision, in which a large frac-
tion of its energy is transferred to the knocked out C atom,
leaving the backscattered He with insufficient energy to es-
cape the (now defective) cage.
4. Conclusions
This is, to our knowledge, the first determination of
a threshold displacement energy for free fullerenes or for
any type of fullerene based material. This intrinsic mate-
rial property is a key parameter for modeling radiation
damage in many contexts, for example during electron
microscopy imaging [15] or gas-phase reactions in the in-
terstellar medium [12]. Finally, the surprising observa-
tion of the endohedral defect fullerene complex He@C−59
is a remarkable testament to the intriguing complexity of
fullerene reactions, which continue to fascinate more than
30 years after their discovery.
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